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The 6th International Conference on Silicon Carbide and Related Materials (ICSCRM) was held 
in Kyoto, Japan, from September 18-21 1995. Emerging commercial applications were 
a major theme of the meeting writes Simon Lande of Magus Research 
A Third Generat ion 
of Electronic 
Materials 
The semiconductor industry is 
dominated by silicon which 
(along with germanium) was 
the first electronic material. In 
the 1960s a second generation 
Of electronic materials was 
developed, the III-V com- 
pound semiconductors, which 
include GaAs, GaP, InP and 
their alloys. These compounds 
form the basis for the manu- 
facture of all optoelectronic 
components and also opened 
up new markets in high per- 
formance microwave and digi- 
tal systems. 
A third generation of elec- 
tronic materials is now emer- 
ging from pre-competitive 
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R&D which will have a major long 
term impact on the electronics and 
optoelectronics industries. These ma- 
terials are the wide bandgap semi- 
conductors (WBS) (Eg > 2.3 eV) and 
include: silicon carbide (SIC), cubic 
boron nltride (c-BN), gallium nitride 
(GaN), aluminium nitride (AIN), zinc 
selenide (ZnSe), and diamond. Due to 
their outstanding physical properties 
(Figure 1) devices made from these 
materials potentially have operating 
characteristics far superior to those 
made from Si, GaAs or InP in high 
power ,  high temperature ,  high 
frequency, and short wavelength 
applications. 
Early attempts to use WBS were 
hindered by problems related to 
crystal growth and purity, and the 
development of suitable ohmic and 
rectifying contacts. However, the 
past few years have seen consider- 
able progress, and several key break- 
throughs have been achieved. 
Although crystal growth and device 
fabrication are still very immature 
compared to Si and CmAs, the transi- 
tion of WBS devices to the market- 
place has begun. Optoelectronic  
components  reached the market 
first, since the poor quality of sub- 
strates is less of a restriction than it is 
for electronic devices. Blue SiC LEDs 
were made available by Cree Re- 
search (NC, USA) in 1991 and are 
now produced in volumes of 1-2 
million units per month (about 2 
orders of magnitude less than III-V 
LEDs). Similar devices based on the 
higher efficiency AIGaN/GaN materi- 
al system entered production in 1994 
at Nichia Chemical (Japan). 
Transistors, diodes, and most re- 
cently simple ICs, capable of high 
frequency power, and high tempera- 
ture operation, have been demon- 
strated in SiC, diamond and GaN and 
are expected to become commer- 
cially available within 2-3 years for 
applications in several industry sectors. 
ICSCRM '95 
Reflecting the growing activity in the 
field, an increasing number of con- 
ferences and symposia addressing 
WBS have emerged in recent years. 
However the International Confer- 
ence on Silicon Carbide and Related 
Materials (ICSCRM) remains the pre- 
mier industry forum. The 6th Con- 
ference in the series was held in 
Kyoto, Japan, from September 18-21 
1995. Attendance was high at over 
400 delegates, the technical program 
was strong, and all aspects of the 
meeting were well organised, espe- 
cially since this was the first time the 
conference had convened outside 
the USK 
Representatives from every major 
corporate, government and univer- 
sity location working on silicon 
carbide and nitride semiconductors 
were present. Japan and the USA 
dominated both in terms of partici- 
pants and number of papers (Figure 
2). Europe's presence was led by 
Germany, Sweden and France. East- 
ern European organisations, mainly in 
Russia and the Ukraine, continue to 
play a major role in the development 
of wide bandgap semiconductors and 
were also out in force. 
Much progress has been made 
since ICSCRM '93 held in Washing- 
ton. All aspects of the technology, 
from bulk crystal growth through to 
device fabrication, were addressed at 
the conference, and some of the key 
developments are discussed below. 
Bulk Crystal Growth of 
SiC 
SiC is by far the most developed of 
the wide bandgap materials, but until 
recently the lack of suitable SiC 
crystal growth processes was the 
key factor preventing the commer- 
cialisation of SiC devices. 
Growth of bulk single crystal SiC is 
difficult for two main reasons. First, 
SiC does not melt under any reason- 
ably attainable pressure, rather it 
sublimes at temperatures greater 
than 1800°C. Consequently, growth- 
from-melt techniques (such as axe 
used for Si or GaAs) are not applic- 
able. Second, SiC has over 175 differ- 
ent polytypes, each with different 
electronic haracteristics, but which 
can grow under apparently identical 
conditions. The main polytypes of 
interest are: 3C, 2H, 4H, 6H and 15R, 
although 4H and 6H are the only ones 
that are commercially available as 
boules. 
Mostgrowth techniques are based 
on the sublimation of SiC. The 
original process was developed by 
Lely in 1955. In the 1970s Y. Tairov 
and colleagues at the Saint-Peters- 
burg University developed a modifi- 
cation of the Lely process in which 
growth occurred on a seed crystal. 
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This "Modified Lely process" is now 
the main method for SiC bulk crystal 
growth worldwide. Professor T airov 
is currently developing a new meth- 
od for growing large bulk SiC crystals, 
although few specifics were revealed 
in his invited presentation. 
The leading commercial source of 
SiC wafers (and until recently the 
only source) is Cree Research of 
Durham, North Carolina. An invited 
presentat ion by Cree's C. Carter 
rev iewed progress in SiC boule 
growth. Commercially available SiC 
boules still contain considerable de- 
fects and impurities, of which the 
most significant is a distribution of 
tubular voids called micropipes. The 
density of micropipes i  usually in the 
order of several hundred per square 
centimeter, limiting the area of high- 
voltage devices to about 3 mm 2 and 
causing premature reverse break- 
down in p-n junctions. 
Continuous improvements in redu- 
cing micropipe density have been 
made over the past 2 years. Recent 
results from Cree demonstrated den- 
sities of 3.5 cm 2 on 4H-SiC and it 
anticipates the production of defect- 
free wafers within a few years. 
Other organisations producing SiC 
boules by sublimation include Wes- 
tinghouse and ATMI in the USA, and 
Sanyo and Nippon Steel in Japan. 
Kyoto University is one of the very 
few locations to have grown bulk 3C- 
SiC by the sublimation method. 
Low resistivity substrates are an- 
other goal, as they reduce power 
losses due to parasitic substrate and 
contact resistances, enabling the de- 
velopment of high efficiency and 
high reliability devices. Nippon Steel, 
Japan's first commercial supplier of 
SiC wafers, presented results on the 
fabrication of low resistivity SiC sub- 
strates. Highly nitrogen doped 6H 
and 4H were grown by sublimation, 
and bulk resistivities of less than 
lx l0  -2 ohms were achieved for both 
6H and 4H. 
Epltaxial Growth of SiC 
For growing SiC epitaxial films, CVD 
is the current technology of choice 
as it is adaptable to commercial  
production, and yields the best films 
at lower  temperatures  (around 
1450°C). High quality epitaxial films 
of a-SiC polytypes can be grown on a- 
SiC substrates. Carrier concentrations 
f rom 1014cm -3 to greater  than 
Figure 3. Average bulk substrate prices ($/sq inch). 
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1019cm 3 can be achieved for both n- 
type and p-type films. 
A major problem is the tendency 
for 3C-SiC to nucleate heteroepitaxi- 
ally on a-SiC. It has been determined 
that tilt angle is a large factor in 
determining morphology of SiC epi- 
layers. J.A. PoweU from the NASA 
Lewis Research Center, which runs 
one of the largest US government 
programs on SiC, reported results on 
the effect of tilt angle on SiC epi- 
layers grown on (0001) SiC sub- 
strates, showing how it affects the 
shape and density of morphological 
defects such as growth pits and 
hillocks. C. Hallin and colleagues, 
based at LinkSping University, Swe- 
den's focal point of SiC activity, are 
carrying out comparative studies of 
the structural defects of epitaxial 
layers grown by CVD and sublimation 
epitaxy, and the effect of process 
parameters on the nucleation of 3C, 
with the aim of optimising growth 
conditions. 
The main drawback to CVD is the 
slow growth rate of just a few 
~tm hour. This is a limiting factor 
for growing layers for power devices, 
which require thicknesses of more 
than lO0~tm. A possible alternative is
the use of LPE (Liquid Phase Epitaxy) 
which has the potential for growth 
rates up to 150 lam/hour. 
A collaborative program between 
several Swedish groups including 
Link6ping University, Outokumpu 
Semitronic (and its parent company 
Okmetic in Finland), and Epigress 
presented initial experiments on the 
effect of growth parameters of SiC 
LPE growth in the Si-Sc-C system. 6H- 
SiC layers were grown on an LPE 
setup on 6H-SiC (0001) wafers with a 
temperature range of 1600-19OOC. It 
was found that the quality of the 
layers was improved compared to the 
substrate, and this technique appears 
to be a promising avenue for further 
investigation. 
Other techniques for SiC epilayer 
growth, including gas 
source  and sol id-  
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1500 
the clean growth am- 
1600 bient, and it is often 
used for the growth of 
3C SiC on various sub- 
strates. R. Davis and colleagues at 
North Carolina State University, de- 
monstrated the growth of thin films 
of 3C and 2H SiC on pseudomorphic 
AIN films deposited on 6H-SiC sub- 
strates, obtaining atomically smooth 
3C films. H. Matsunami's group at 
Kyoto University presented investiga- 
tions on the growth mechanism of 
the 3C-SiC/ Si system by GSMBE. 
Reproducible growth is achieved by 
introducing a carbonisation step in 
which a Si surface is chemically 
converted to 3C-SiC. 
SiC Substrate Prices 
The high cost and relatively low 
quality of substrates are currently 
the key limiting factor on the com- 
mercial development of both SiC and 
other WBS devices, especially for 
large area electronic devices. 
SiC is the only WBS available in 
single crystal form. Wafers are pre- 
sently 1000 times the price of Si and 
100 times the price of GaAs. This 
differential is unlikely to narrow 
significantly, as shown in Figure 3. 
For optoelectronic devices, sub- 
strate price is only a relatively small 
percentage of total costs. For exam- 
ple 10 000-12 000 blue SiC LEDs can 
be yielded from a 1 3/8" wafer and 
21 000-26 000 on 2-inch wafers. 
However, the high defects and high 
prices of substrates are a major 
limiting factor for large area power 
FETs, and even more so for integrated 
circuits. 
SiC Devices 
SiC optoelectronic  devices (blue 
LEDs) have been in production for 
several years, and the potential for 
SiC electronics will be realised within 
the near future. Theoretical analysis 
predicts very high performance po- 
tential for SiC devices in high power, 
high voltage and high temperature 
applications. In the opening paper of 
the conference J. Baliga of North 
Carolina State University, reviewed 
the issues which must be addressed 
to enable successful fabrication of SiC 
power devices. These include: 
• Ohmic contacts: due to a combina- 
tion of the wide bandgap and sur- 
face states, it is difficult to fabricate 
thermally stable ohmic contacts 
that have low contact resistivities. 
This is one of the most critical 
issues for the advancement of SiC 
devices. 
• High voltage Schottlo I contacts/P-N 
junctions: most transition metals 
form good Schottky contacts on n- 
type and p-type SiC. Schottky 
diodes with breakdown voltages 
greater than 1,200 V have been 
demonstrated, representing impor- 
tant steps in the development of 
high voltage rectifiers and JFET/ 
NMESFET structures. 
• MOS-Gates: To fabricate power  
MOSFETs, high quality gate oxides 
with good inversion layer mobility 
in the channel  are requi red.  
Although good MOS characteristics 
have been observed for thermally 
grown oxides on N-type SiC, the 
quality on P-type SiC is still poor. 
Westinghouse supports one of the 
world's largest SiC device programs 
and reported several new results. For 
6H-SiC MESFETs, 8.5 dB gain at 10 
GHz has been achieved with 45.5% 
efficiency and 1.8W/mm power den- 
sity. Similar improvements were re- 
ported in 4H-SiC. Westinghouse also 
reported the first Static Induction 
Transistors (SITs) on 6H- and 4H-SiC 
which deliver 57W of output power, 
an associated gain of 12dB and a 
power added efficiency of 43%. 
Progress on enhancement-mode (E 
mode) MOSFETs was reported by 
Cree Research. These devices have a 
particular advantage for high tem- 
perature operation because of the 
insulated gate which results in a low 
gate leakage current at high tempera- 
ture. Cree reported the first p-chan- 
nel enhancement mode MOSFETs 
and ICs with good characteristics 
up to 500°C. The first E-mode NMOS 
operational amplifier has also been 
fabricated and tested, and operation 
verified to 350°C. This work could 
potentially lead to the intriguing 
prospect of a SiC CMOS technology. 
Cree and Purdue University also 
presented a range of basic logic 
functions operational to above 300~C. 
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Toyota is another significant player 
in SiC, reflecting the potential im- 
portance of the technology to the 
automotive industry. Toyota used 
capacitance-voltage (C-V) character- 
istics of 6H-SiC MOS capacitors to 
investigate the influence of high 
temperature on the SiC-oxide inter- 
face. The results suggest hat apply- 
ing a DC vol tage to make an 
accumulat ion layer degrades the 
SiC-oxide interface severely, which 
in turn degrades the device charac- 
teristics. The temperature and bias- 
ing range on operating SiC MOS 
devices are clearly very important 
for stability at high temperatures. A 
summary of other players involved in 
developing SiC is shown in Figure 4. 
I I I-Nitrides 
The "Related Materials" in ICSCRM's 
title refers to the III-nitride semicon- 
ductors including gallium nitride 
(GaN), aluminum nitride (AIN), bor- 
on nitride (BN) indium nitride (INN) 
and their alloys. Of these, GaN is by 
far the most developed. 
A Topical Workshop on III-V Ni- 
trides was held in the 2 days follow- 
ing ICSCRM, and provided the main 
forum for most new developments 
so, apart from the highly topical 
subject of blue LEDs, overall the 
nitrides did not have a great deal of 
prominence at ICSCRM. 
The major obstacle to nitride de- 
velopment is the lack of bulk sub- 
strates. However, very little effort is 
being applied to bulk growth of the 
nitrides as it is viewed as a fruitless 
task. Most workers in the field use 
heteroepitaxial growth by MBE and 
MOCVD on a number of different 
substrates. 
The growth of GaN (as well as 
AIGaN and AIN) on GaN/SiC sub- 
strates is one of the major avenues of 
investigation. A joint paper from Cree 
Research and North Carolina State 
University discussed the growth of 
GaN (and AIGaN, AIN) by MBE on 
GaN/SiC substrates, consisting of 
3gm thick GaN buffer layers grown 
on 6H-SiC wafers by MOVPE. High 
quality films were achieved, demon- 
strating that MBE-grown GaN layers 
replicate the quality of the under- 
lying MOVPE-grown GaN buffer  
layer. 
The two leading suppl iers of  
MOVPE reactors, EMCORE (Somer- 
set, NJ) and AIXTRON (Aachen, 
Germany) were much in evidence 
at the conference. A joint paper from 
EMCORE, Rutgers University and 
NCSU, reported p-type GaN films 
grown on sapphire which demon- 
strated an intense narrow linewidth 
violet emission, with doping ranging 
f rom 1-5 x lO  17 cm "3. The work is 
directed towards growth of InGaN/ 
GaN for production scale double 
heterojunction LEDs. AIXTRON re- 
ported high temperature growth 
processes for GaN (and SiC) using a 
horizontal two flow reactor and a 
Planetary Reactor for high volume 
production. 
Blue LEDs 
One of the h i~ghts  of the confer- 
ence was the invited presentations 
on blue LEDs by the two leading 
companies in the field, Cree Re- 
search and Nichia Chemical Indus- 
tries. 
Blue LEDs were first introduced by 
Cree in 1991. The devices were 
homojunction structures based on 
SiC. Due to SiC's indirect bandgap 
their external  eff ic iency is only 
-0.05% at 470nm. Whilst adequate 
for indoor displays, this is not suffi- 
cient for outdoor applications. How- 
ever Cree had a virtual monopoly of 
the market until November 1993 
when Nichia Chemical, a company 
with no previous history in optoelec- 
tronics, stunned the industry with 
the announcement of a bright blue 
GaN LED grown on sapphire. Since 
then, the race to develop high 
brightness blue and green LEDs has 
accelerated. 
The key split in the industry, 
reflected by the approaches taken 
by Cree and Nichia, concerns the 
question of which bulk substrate to 
use for the heteroepitaxial growth of 
GaN -- SiC or sapphire. The advan- 
tage of SiC is that it has only a 3.5% 
lattice mismatch with GaN, and is 
conductive which allows for the 
fabrication of a vertical device struc- 
ture. The drawback is that SiC wafers 
cost $2000-$3000 on the open market. 
Cree has the obvious advantage of 
an in-house supply of SiC wafers, 
which it uses as a substrate for 
growing GaN. It has developed SIC:- 
GaN LEDs' with a peak emission of 
430 nm, an output power of 0.85W at 
20 mA, corresponding to an external 
quantum efficiency of 1.5%. High 
quality InGaN and AIGaN layers have 
also been grown for double hetero- 
junction LEDs and laser diodes. 
Sapphire, on the other hand, has a 
large (16%) mismatch with GaN, but 
the wafers are an order of magnitude 
less expensive than SiC. Price, and 
the restricted commercial supply of 
SiC wafers, were the deciding factors 
for Nichia which is now in high 
volume production on blue LEDs 
based on the GaN/sapphire material 
system. 
Nichia also described progress in 
its next goal, the development of 
high brightness green LEDs with 
peak wavelength between 510nm 
and 540 nm for outdoor use. To 
obtain green emission, the indium 
mole fraction of the InGaN active 
layer has to be increased in compar- 
ison with those of blue and blue- 
green LEDs. Nichia's green LEDs 
demonstrated to date (peak wave- 
length of 520 nm) have an output 
power of 0.4mW and an external 
quantum efficiency of 0.8% at a 
forward current of 20mA at room 
temperature.  These products are 
being developed for high volume 
outdoor applications uch as traffic 
lights. 
For both Cree and Nichia, the 
longer term goal is the development 
of that holy grail of the optoelectro- 
nics industry - a solid state blue 
laser. The most recent step towards 
this was achieved by Nichia. In a 
paper published on Jan. 15 1996 in 
the Japanese Journal of Applied 
Physics, Shuji Nakamura and collea- 
gues at Nichia Chemical Industries, 
Ltd. presented the first electrically 
pumped I I I -nitr ide laser. Under  
pulsed conditions, the device pro- 
duced 215 mW at a forward current 
of 2.3 A (34V) at a wavelength of 
417 rim. 
Conclusions 
SiC and related materials are advan- 
cing rapidly. Optoelectronic devices 
are already being produced in vo- 
lumes of millions of units per year, 
and are continuing to ramp up. 
Progress in crystal growth and device 
fabrication will enable SiC and GaN 
electronic components to become 
commercial ly available within the 
not too distant future for a range of 
applications which  require high 
power, high temperature and high 
voltage performance. 
The USA is currently the overall 
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Figure 4. Representative Players in SiC. 
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Nippon Steel 
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Thomson (France) 
Govt & University 
LETI (France) 
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(epi only) 
Devices Comments 
Merchant supplier of wafers 
and LEDs 
Leading merchant supplier 
of substrates & devices 
In-house applications: 
aerospace/electric vehicles 
In-house applications: 
aerospace, radar, TV distribution 
Leading US govt lab 
Crystal growth & devices 
Leading academic center for 
WBS research 
3C-SiC/Si for merchant market 
Aims to be a merchant supplier 
of substrates 
Merchant supplier of substrates 
Blue LEDs for consumer 
electronics 
In-house applications: 
automotive 
The leading Japanese govt. lab 
Japan's leading SiC academic 
centre 
In house applications: power 
devices 
In house applications: 
aerospace, automotive, 
communications 
Aims to be a merchant supplier 
of substrates 
In house applications: 
aerospace, communications, 
TV distribution 
In house applications: 
aerospace, communications, 
TV distribution 
Crystal growth 
Crystal growth centre 
Crystal growth and devices 
leader in the commercial exploita- 
tion of these materials, but major 
efforts are underway in Japan, Ger- 
many, Sweden, France and Eastern 
Europe which will accelerate the 
pace of development and lead to an 
increasingly competitive nvironment. 
ISCRM '97 
ICSCRM '97 will be held in Sweden 
under the chairmanship of Eric Jan- 
zEn of LinkOping University. 
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